1. Introduction {#s0005}
===============

Viruses belonging to the *Parvoviridae* family include 4--6-kb-long linear, single-stranded DNA genomes ([@bb0080]). Recently, *Parvoviridae* family has been re-organized by International Committee on Taxonomy of Viruses (ICTV). The novel subfamily *Hamaparvovirinae* comprises the current genera *Hepandensoviruses*, *Penstyldensovirus*, and *Brevidensovirus*, together with the yet unclassified chapparvoviruses (ChPV) ([@bb0025]). Phylogeny evidence suggested the ChPV detected in many kinds of vertebrates, harbored close relation to members of other genera of subfamily *Hamaparvovirinae,* which evidently derive from ancient members of this lineage, have been identified in several arthropod genomes. ([@bb0080]; [@bb0100]). These reports suggested that ChPV lineage infects both vertebrates and invertebrates, and transmission of ChPVs between distantly related host species may have occurred in the past.

Recently, cases of ChPV infection in various organisms have been reported. In addition to rat parvovirus 2 (RPV2), ChPV include fruit bat (*Eidolon helvum*) parvovirus 1 ([@bb0120]), *E. helvum* parvovirus 2 ([@bb0005]), common vampire bat (*Desmodus rotundus*) parvovirus ([@bb0100]), murine kidney parvovirus ([@bb0090]), murine ChPV ([@bb0115]), simian parvo-like virus 3 ([@bb0045]), turkey parvovirus 1 ([@bb0085]), porcine parvovirus 7 ([@bb0075]), Tasmanian devil-associated ChPV strains ([@bb0015]), red-crowned crane-associated parvovirus ([@bb0110]), chicken ChPV 1 and 2 ([@bb0050]), and peafowl parvovirus (PePV) 1 and PePV2 ([@bb0055]). Meanwhile, Cachavirus, which is very similar to ChPV, was first detected in dog feces in the United States in 2019 ([@bb0035]), raising concerns regarding the emergence and coinfection of Cachaviru*s* in dogs. The Cachavirus was shown to harbor two major open reading frames (ORFs) encoding *NS1* and *VP1*. Therefore, Cachavirus may show an extensive geographic distribution and may infect diverse hosts ([@bb0100]). To obtain detailed understanding of the prevalence and evolution of Cachavirus in dogs, we performed a large-scale investigation using rectal swabs from healthy and diarrheic dogs.

2. Materials and methods {#s0010}
========================

2.1. Sample collection and DNA extraction {#s0015}
-----------------------------------------

Rectal swabs from 85 healthy and 323 diarrheic dogs were collected from veterinary hospitals in Henan, Hubei, and Zhejiang Provinces, China, during 2018--2019. Viral DNA and RNA were extracted using the EasyPure Viral DNA/RNA Kit (TransGen Biotechnology, Inc., Beijing, China) in accordance with the manufacturer\'s instructions. The extracted DNA and RNA sample were stored at −80 °C until use.

2.2. Virus screening and isolation {#s0020}
----------------------------------

The extracted DNA and RNA samples were tested for Cachavirus ([@bb0035]), canine coronavirus (CCV) ([@bb0065]), canine distemper virus (CDV) ([@bb0105]), and canine parvovirus (CPV) ([@bb0040]) using RT-PCR as previously described.

Supernatants from the diluted Cachavirus -positive samples were filtered through a 0.22-μm membrane and inoculated onto a monolayer of Crandell--Rees feline kidney (CRFK, originating from cats) cells and Madin--Darby canine kidney (originating from dogs) cells. After 1-h incubation, the inocula were removed, placed in Dulbecco\'s modified Eagle\'s medium (Gibco, USA) supplemented with 2% fetal bovine serum, and incubated at 37 °C with 5% CO~2~. Cultures were directly inspected daily by microscopy for cytopathic effect (CPE) until 4 days after inoculation. The harvested supernatant was subjected to 3 freezing and thawing cycles, followed by inoculation on a new monolayer of each cell line until the fifth generation. Culture lysates and supernatant were also collected for pathogen screening as described above.

2.3. Amplification, cloning, and sequencing of partial Cachavirus genomes {#s0025}
-------------------------------------------------------------------------

Four specific primer pairs for genomic amplification covering fragments of ORFs encoding NS1 and VP1 were designed based on Cachavirus sequences \[Cachavirus-1A (accession no.: MH893826) and Cachavirus-1B (accession no.: MK448316)\] deposited in GenBank. Primer sequences are listed in Table S1. Gene amplification was performed via PCR using a 20-μL reaction mixture containing DNA template (\>100 ng/μL), 6-pmol upstream/downstream primers, PrimeSTAR HS DNA polymerase, and supporting reaction buffer (TaKaRa Biotechnology Co., Ltd., Dalian, China). The following cycling conditions were used: initial denaturation at 95 °C for 3 min; 30 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 1 min; and final extension at 72 °C for 10 min. The obtained amplicons were cloned into pMD18-T Easy Vector (TaKaRa Biotechnology Co., Ltd.) for subsequent sequencing (Syn-Biotechnology, Suzhou, China). PCR and partial-genome sequencing were performed at least three times.

2.4. Identity and phylogenetic analyses {#s0030}
---------------------------------------

The ClustalW method was employed using MEGA 7.0 to analyze the identity between the obtained and reference strains. Moreover, phylogenetic trees were constructed based on NS1 and VP1 sequences to analyze the relationships between the tested Chinese strains and reference strains. Specific information of each viral strain is presented in [Fig. 1](#f0005){ref-type="fig"}A and B. Specifically, the maximum likelihood method was used. MEGA 7.0 was used with the settings of pairwise deletion option and 1000 bootstrap replicates.Fig. 1Phylogenetic tree based on NS1 and VP1 in Cachavirus. A: Phylogenetic tree of NS1. B: Phylogenetic tree of VP1. "★" indicates the virus identified in dogs in China.Fig. 1

2.5. Mutation and protein structure prediction for NS1 and VP1 {#s0035}
--------------------------------------------------------------

Illustrator for Biological Sequences was used to obtain a visual overview of NS1 and VP1 from the five Chinese strains and Cachavirus-1A. Based on the sequence alignment results, mutated amino acid sequences were marked on SWISS-MODEL (<https://swissmodel.expasy.org/interactive>), and post-modeling Pdb files were constructed using PyMOL for collation and preservation.

2.6. Statistical analysis {#s0040}
-------------------------

Chi square or fisher\'s exact test was used to compare the frequency of Cachavirus between healthy and diarrheic dogs. Statistical analyses were performed using GraphPad Prism 8.0 (San Diego, CA, USA). A *p* \< 0.05 was considered statistically significant.

3. Results {#s0045}
==========

3.1. Positivity and coinfection rates {#s0050}
-------------------------------------

Upon viral screening, five Cachavirus-positive samples were collected from diarrheic dogs in Henan and Hubei Provinces and no infected samples were identified from healthy dogs. Moreover, CDV and CPV coinfection with the five Chinese strains was identified ([Table 1](#t0005){ref-type="table"} ). The positivity rate in healthy or diarrheic dogs was 0% and 1.55%, respectively. Statistical analysis showed no association between the presence of the virus and clinical signs (*p* \> 0.05).Table 1Details the five Chinese *Cachavirus* strains identified in this study.Table 1Sample nameHealth statusAge (months)ProvinceDateCoinfectionCachavirus-CN20181128Diarrhea11HenanNovember 2018--Cachavirus-CN20190714Diarrhea6HenanJuly 2019--Cachavirus-CN20190806Diarrhea5HenanAugust 2019--Cachavirus-CN20190917Diarrhea6HubeiSeptember 2019CPV, CDVCachavirus-CN20191013Diarrhea4HubeiOctober 2019CPV, CCV

The positive rates of CPV, CDV, and CCV were 60.1% (194/323), 32.2% (104/323), and 44.0% (142/323), respectively, and these were only detected in diarrheic dogs. In positive samples, coinfections with two (CPV + CDV, *n* = 35; CPV + CCV, *n* = 41; or CDV + CCV, *n* = 29) or three (Cachavirus + CPV + CDV, *n* = 1; Cachavirus + CPV + CCV, n = 1; CPV + CDV + CCV, *n* = 14) pathogens were identified, indicating universal coinfection.

3.2. Virus isolation {#s0055}
--------------------

Until the fifth generation, CPE was only observed in the cultured cells inoculated with the 3 Cachavirus-positive samples coinfected with CPV, and Cachavirus DNA was not detected in culture lysates and supernatant by PCR.

3.3. NS1 and VP1 identity {#s0060}
-------------------------

Partial genomes \[covering ORFs encoding NS1 (length = 1992 nt; GC contents = \~37.7%) and VP1 (length = 1515 nt; GC contents = \~36.3%)\] of the five Chinese strains were deposited in GenBank under the accession nos. MT123283--MT123287. Nucleotide identity was 98.2%--98.9% for NS1 and 98.6%--99.1% for VP1, and amino acid identity was 97.9%--98.7% for NS1 and 98.8%--99.6% for VP1. Compared with ChPV strains from other hosts, the five Chinese strains showed the highest NS1 nucleotide (73.4%) and amino acid (66.9%) identity with bat parvovirus and the highest VP1 nucleotide identity (65.3%) with bat parvovirus and VP1 amino acid identity (70.0%) with simian parvo-like virus 3.

3.4. Phylogenetic analysis of NS1 and VP1 {#s0065}
-----------------------------------------

In the phylogenetic tree based on NS1 and VP1 sequences ([Fig. 1](#f0005){ref-type="fig"}), the reference strains and the five Chinese strains were generally divided into two major branches. Intuitively, the five Chinese strains were more closely related to Cachavirus-1A and Cachavirus-1B.

3.5. Mutation and protein structural analyses {#s0070}
---------------------------------------------

Cachavirus-1A was used as a reference to display the putative structure of proteins in the five Chinese strains ([Fig. 2](#f0010){ref-type="fig"} ). The genomic structure of the five strains was consistent with that of Cachavirus-1A, with two major ORFs encoding NS1 and VP1 ([Fig. 2](#f0010){ref-type="fig"}); the putative nucleoprotein (NP) was 210-amino acid long. The five strains shared 99.4% NP nucleotide identity and 99.5% amino acid identity with Cachavirus-1A. The ATP-binding Walker loop motif GPSNTGKS was also present in NS1 ORF of the five strains similar to that of Cachavirus-1A.Fig. 2Structures of open reading frames encoding NS1 and VP1 of Cachavirus-1A and Cachavirus-CN.Fig. 2

The site analysis of VP1 of Cachavirus-1A revealed the following mutated sites in the five Chinese strains: Ala(A)2Pro(P) (40%) and Val(V)265Ile(I) (40%). Most mutations were found in NS1 of Chinese Cachavirus strains compared with the two strains from the United States, and the mutated sites of the five Chinese strains were displayed in [Table 2](#t0010){ref-type="table"} . Due to these mutations, predict changes based on tertiary structure modeling with NS1 structure in Cachavirus-1A as a reference were shown in [Fig. 3](#f0015){ref-type="fig"} .Table 2Main amino acid mutation sites in NS1 of the five Chinese *Cachavirus* strains and reference strains.Table 2StrainsSubstitution of amino acid residues in NS1228247252253254255270345359383442663Cachavirus-1ACSSGGYCFpKEGCachavirus-CN20181128CSCLTFCLLEEGCachavirus-CN20190714CSCLTFRLPEEGCachavirus-CN20190806RSSVTFCFPKEACachavirus-CN20190917RSSVTFCFPKKACachavirus-CN20191013CPSVTFRFPKKGFig. 3Predicted tertiary structure model of NS1 of *Cachavirus*. The red regions indicate mutation sites and the five-pointed star indicates altered protein structure without mutations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 3

4. Discussion {#s0075}
=============

Viral enteritis is a major threat to pet dogs that can lead to life-threating illness. Canine parvovirus (CPV-2), canine distemper virus (CDV), canine coronavirus (CCoV) and canine adenovirus (CAV) are the main pathogens that cause canine viral enteritis ([@bb0010]; [@bb0030]). In this study, Cachavirus, belonging to ChPV, was reported for the first time in diarrheic dogs in China; however, statistical analysis showed no association between the presence of the virus and clinical signs (*p* \> 0.05). As previously reported, only 3 of the 203 fecal samples from healthy dogs tested positive, and statistically significant differences (*p* \< 0.05) were not detected among 803 diarrhea samples from 2017 (4.0%; *p* = 0.08), but detected among 965 diarrhea samples from 2018 (4.66%, *p* = 0.037) with the increment positive rate ([@bb0035]). Meanwhile, virus screening revealed Cachavirus coinfection with CPV, CDV and CCV in dogs, which should be studied further in the context of pathogenesis.

Some ChPVs and other viruses belonging to *Parvoviridae* family are mainly detected in diarrhea samples.([@bb0080]; [@bb0100]). Pathogenicity of chicken Parvovirus have recently determined in specific pathogen-free chicks infected experimentally ([@bb0070]). However, report about pathogenicity of the ChPVs in vertebrate hosts is still very limited. However, a ChPV called mouse kidney parvovirus (MKPV) circulates among laboratory mice populations has been demonstrated to cause a kidney disease known as inclusion body nephropathy ([@bb0090]). Meanwhile, murine ChPV, has been detected at a very high prevalence in murine liver tissue, suggesting it is a gastrointestinal agent ([@bb0115]). Herein, whether ChPV infection leads to gastroenteritis in dogs needs warrants further investigation.

Primers targeting the whole genome have been designed based on the genome sequences of Cachavirus-1A and Cachavirus-1B; however, these primers failed to amplify the 5′ untranslated region (1--493); this may be because of the special DNA structure or the Chinese strains may markedly differs from that of strains reported from the United States. Therefore, future research should explore the mechanism of virus propagation using second-generation sequencing to obtain accurate whole genome sequences. Unfortunately, Cachavirus replication was not detected in CRFK and MDCK cell line. The reason for the non-cultivatable nature of the viruses remains unclear.

According to identity and phylogenetic analyses based on NS1 and VP1 of the five Chinese strains, all strains are closely related to the two strains detected in the United States. Besides these two Cachavirus strains, the detected Chinese strains shared the highest NS1 and VP1 identity with bat parvovirus from Cameroon and simian parvo-like virus 3 from diarrheic rhesus macaques in the United States ([@bb0045]; [@bb0120]). Frequent recombination between mouse parvoviruses (MPVs), Minute viruses of mice (MVMs) and hamster parvovirus (HaPV) has been predicted ([@bb0095]). Phylogenetic analysis also revealed the closer relationship between the five Chinese Cachavirus strains with bat parvovirus from Cameroon than with other ChPVs; however, no recombination events occurred based on recombination analysis (data not shown). Hence, the role of bats and primates in the transmission and evolution of ChPVs remains unknown. The five Chinese strains harbored increased number of mutations compared with the two strains from the United States. Previous report have highlighted the importance of obtaining the NS1 coding sequence in molecular epidemiology investigations of CPV-2 ([@bb0020]; [@bb0060]). NS1 of Cachavirus-1A, Cachavirus-CN20181128, and Cachavirus-CN20190714 shows the SGGY252-255CLTF mutation, whereas NS1 of the three Chinese strains showed the GGY253-255VTF mutation. However, these continuous mutations did not lead to remarkable changes in protein structure. In contrast, mutation at the 442 site led to significant structural changes in Cachavirus-CN20190917 and Cachavirus-CN20191013 (Glu442Lys). Meanwhile, Cachavirus-CN20181128, Cachavirus-CN20190714, and Cachavirus-CN20191013 showed different structural changes of the 406--416 loci without mutations, whether these changes are caused by the neighboring effect of adjacent mutations should be studied in future. Furthermore, these mutation sites may show different origins due to regional variations.

5. Conclusion {#s0080}
=============

To sum up, this is the first report about the presence of Cachavirus in dogs in China. Phylogenetic analysis of NS1 and VP1 of the five Chinese strains revealed a close relationship with the two Cachavirus strains from the United States. These findings provide a reference for studying the transmission and evolution of ChPV. Nonetheless, large-scale studies are warranted to confirm the pathogenicity of this virus.
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